Plasma-screening effects are investigated on hydrogen atoms embedded in weakly coupled plasmas. In the present context, bound state wave functions are introduced related to the screening Coulomb potential ͑Debye model͒ using the Ritz variation method. The bound energies are derived from an energy equation, which contains one unknown variational parameter. To calculate the parameter numerically, fixed-point iteration scheme is used. The calculated energy eigenvalues for various Debye lengths agree well with the other available theoretical results. The radial wave functions and radial probability distribution functions are presented for different Debye lengths. The outcomes show that the plasma affects the embedded hydrogen atom.
I. INTRODUCTION
The hydrogen atom has special significance in quantum mechanics and quantum field theory as a simple two-body problem physical system which yielded analytical solution in closed form. Many surveys have been conducted on the simplest atom, resulting in the vast accumulation of data and reports that have been systematically arranged and well documented in literature. Presently, considerable interest has been cultivated in the study of atomic processes in plasma environments, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] because of the plasma screening effect on the plasma-embedded atomic systems. The Debye screening effect played a crucial and significant part in the investigation of plasma environments over the past several decades. Different theoretical methods have been employed along with the Debye model to study plasma environments. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Some progress have been made in estimating the influence of the plasma on atomic structure, but information on scattering process and on various radiative processes is very limited. In our present study, we use the Debye model potential. We apply the Ritz variational method to calculate the nl state wave functions and their energy eigenvalues of the hydrogen atom in plasmas. Earlier the method has been used by Jung 25 to calculate a few bound ͑1s, 2s, and 2p͒ state wave functions and their eigenenergies of hydrogenic ion. He calculated the value of parameter ␣ ͓␣ is a z = ͑a 0 / z͒ linked to the bound state wave functions of free hydrogen atom͔ by neglecting fourth and higher order terms. 25 Here, we employ the fixed-point iteration method to calculate the value of parameter ␣. Our calculated bound state energy eigenvalues are more precise than that of Jung. 25 Finally, we apply this approach to study hydrogen atom immersed in dense plasmas. The current context presents the theoretical probe of hydrogen atom in the Debye environments. We present bound state ͑1s to 10m͒ energy eigenvalues of hydrogen atom embedded in weakly coupled plasmas for various Debye lengths. The deviations of radial wave functions and radial probability distributions of hydrogen atom in plasma background are also presented.
We describe the article as follows. In Sec. II, we present the formulation of bound state wave functions, the procedure of the calculation is presented in Sec. III, results are presented in Sec. IV with a short discussion, and some concluding remarks are found in Sec. V.
II. THEORY
The radial Schrödinger equation for hydrogen atom in dense plasma would be given by
where P nl ͑r͒ is the radial wave function for the nlth shell. The numerical solutions 26 and higher order perturbation calculation 27 have been evaluated for Eq. ͑1͒. Here we shall consider a simple analytical method to obtain the solution. Our approach is the same as the procedure of Jung 25 but in a more general way. Jung calculated for the 1s, 2s, and 2p states only. The solutions for Eq. ͑1͒ are assumed to be in the hydrogenic form with a variation parameter. The trial wave function is considered as follows:
͑2͒
where ␣ is the variational parameter and 
After evaluating the integrations and simplification ͑for more see the Appendix͒, we have
which is the expectation value of the nl state energy of hydrogen atom in plasmas. Equation ͑5͒ shows that the energy level of hydrogen atom in plasmas depends on both n ͑the principal quantum number͒ and l ͑the orbital quantum number͒. Parameter ␣ is obtained from the minimization condition of ͗E nl ͘, i.e., ‫ץ͑‬ / ‫͗͒␣ץ‬E nl ͘ = 0, which gives
where
͑7͒
It follows from Eqs. ͑2͒ and ͑6͒ that the radial wave functions R nl ͑r͒ depend on ␣ as well as the Debye length D . The radial probability densities are denoted by
where P nl ͑r͒ are functions of n, l, and D .
III. CALCULATION
To calculate the values of ␣ for various Debye lengths, we rewrite Eq. ͑6͒ as
͑9͒
and apply the fixed point iteration method with the initial point ␣ 0 = a z ͓by the help of condition ͑3͔͒. After calculating the value of ␣ for a particular element of the set ͕n , l , D ͖ say ͑n 1 , l 1 , D1 ͒, we calculate the energy level E n 1 l 1 from Eq. ͑5͒ for D = D1 . Aside from the energy level we also calculated radial wave functions and probability distributions of electron for different Debye lengths.
IV. RESULTS AND DISCUSSION
The results of applying the very simple numerical technique ͑fixed-point iteration͒ and Ritz variational method to the current problem "hydrogen atom in plasma background" are excellent. The bound energies of the states 1s through 10m are tabulated in Table I . It will be seen that in the weak screening regions, the various l levels for a given principal quantum number lie fairly close together. As the levels approach the continuum, the energy of different l levels varies significantly with D . The agreement between our results and available calculated data of Rogers et al. 26 ͑not listed in Table I͒ is excellent. Rogers et al. 26 worked out energy eigenvalues by using a linear difference method and large scale numerical computation. Earlier, a number of authors employed a variety of techniques to calculate the bound state energies of an electron in the screened field of a proton. [28] [29] [30] [31] [32] [33] [34] Harris used first-order perturbation calculation and k-order k = ͑1,2,3͒ variational calculation varying Z, 28 Z is the nuclear charge. The computed results agree well for the 1s state, slightly differ for the 2s state, and disagree for the higher principal quantum number compared with our calculated results. First-order perturbation theory was also applied by Smith 29 to evaluate bound state energy eigenvalues for the Debye potential. The results match up to three decimal places with the present results. Lam calculated energies of 1s, 2s, 3s, and 4s states by using perturbation calculation and one-parameter variation calculation. 30 He proposed a simple variational wave function for the ground state. 31 The calculated results tally well with our results unless D is too small. Dunlap and Armstrong 32 formed a basis for an irreducible unitary representation of SO͑2, 1͒. They calculated 1s, 2s, 3s, and 4s states energy eigenvalues for screened Coulomb potential by using the basis. The computed 1s state results agree excellent with the present results, but the agreement of remaining results is not so good. Nauenberg 33 described a procedure to obtain a sequence of wave functions to manage the problem. Bessis et al. 34 applied perturbation calculation on the basis of Hulthén functions. They computed energy eigenvalues of 1s, 2s, 3s, 4s, 5s, 2p, 3p, 3d, 4p, and 4d states. Their calculated results agree nicely with out results except when D is small. In our previous work, we calculated energy eigenvalues of a few states ͑1s to 4f͒ by using pseudostate method with a new basis set, 35 the agreement between present results and those is good.
In Figs. 1-6 , we present the radial wave functions of hydrogen atom for various Debye lengths ͑as indicated in the figures͒ along with that of for free hydrogen atom. The peaks reduce with the decreasing of Debye length and maximum deeps appear for plasma free situation. The first six radial distribution functions plotted against distance from the nucleus are shown, for different Debye lengths, in Figs. 7-12. Orbitals 1s, 2p, and 3d have only one maximum, indicating no node point. All the rest have one or more minima, which corresponds to nodal spheres. The most probable ͑highest peak͒ distance of the electron from the nucleus increases in going from higher Debye length to lower Debye length.
Debye plasma has been considered here, the concept of the Debye screening is valid only in a steady, thermodynamical equilibrium, and linear plasma. Three assumptions are used to derive the Debye screening potential. ͑1͒ The electron density N e and ion density N i are in the steady state and obey the Boltzmann formula. ͑2͒ The derivation of charge density from its quasineutral value is much less than the quasineutral value, so the Boltzmann formulas of N e and N i can be expended into Taylor's series, respectively, and only the linear terms are taken. ͑3͒ The potential in the Poisson equation satisfies an infinite boundary condition. In Debye plasma, beyond the Debye length, the electric field will vanish due to the Debye screening.
V. CONCLUSION
Here, we report an approach to determine bound state wave functions for screening Coulomb potential, based on the Ritz variation method. Using a very simple numerical scheme ͑fixed-point iteration͒, we calculated eigenenergies of a large number of bound states and presented some of them in Table I . Our calculated energy eigenvalues agree splendidly with the available computed results of Rogers et al. 26 We also presented the deviation of radial wave functions and radial probability distribution functions for the hydrogen atom planted in weakly coupled Debye plasmas. Our results show that different values of Debye lengths, as well as plasma environments, have a considerable effect on the hydrogen atom embedded in dense plasmas. 
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The dynamic motion of the plasma electrons has to be considered in order to investigate the plasma screening effect on the hydrogen atom. It can be considered qualitatively by the introduction of the plasma dielectric function. 36 The effects may be very important for high density plasma, but for low-density plasma the effect can be neglected. The static plasma screening formula obtained by the Debye-Huckel model overestimates the plasma screening effects on the hydrogen atom in dense plasma. It is, indeed, necessary to recalculate all the data in dense plasma on the basis of kinetic plasma theory, which, in particular, permits to account the collective plasma effects, namely, dynamic screening along with plasma fluctuations. The static screening result presented here is subject to the condition that the plasma is a thermodynamically equilibrium plasma and neglect the contributions from ions in plasma since electrons provide more effective shielding than ions. In the static plasma screening, we observed that the two-photon transition amplitude is mainly determined by the Debye length, which in turn is determined by the plasma temperature and density. With the increase in plasma density at a given temperature, the Debye length decreases, thus the effect from plasma temperature and density cannot be neglected. Finally, we mention that interested readers in dynamic screening effects are referred to the references where such effects were studied for electron capture processes 37, 38 and for constructing dynamic screening potential using the plasmas dielectric functions in a calculation of election capture cross sections.
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APPENDIX: EVALUATION OF INTEGRAL
͑A2͒
Using the integration formula, 40 we get
where P n−l−1 ͑2l+1,0͒ is the Jacobi polynomial. Applying the expression 41 of the Jacobi polynomial, the above expression reduces to
͑A4͒
